


MAGNUS SCHOU

All previously published papers were reproduced with permission from the publisher

Published and printed by Karolinska University Press
Box 200, SE-171 77 Stockholm, Sweden

© Magnus Schou, 2006

ISBN 91-7140-773-1



SYNTHESIS AND EVALUATION OF NEW NET RADIOLIGANDS

ABSTRACT

The noradrenergic (NE), serotonergic (5-HT) and dopaminergic (DA)
neurotransmission systems all have specific proteins responsible for the regulation of
synaptic concentrations of neurotransmitter in the central nervous system (CNS) and
in the periphery. Several reports have shown that the expression of these proteins, the
monoamine transporters, within the CNS, may be altered in patients with certain
neurodegenerative or neuropsychiatric disorders. Positron emission tomography
(PET) is an imaging technique that enables quantitative studies in high resolution of
receptor or transporter proteins inside the living human brain. At the outset of
research for this thesis, PET had been used successfully in the mapping of 5-HT and
DA transporters, but not NE transporters (NETs). The aim of this thesis was to
develop a radioligand suitable for imaging NETs in the human brain in vivo.

This project focused on the screening of candidate NET radioligands by emission
measurements in cynomolgus monkeys in vivo. Concomitant with these studies,
radiometabolite analyses were performed on peripheral monkey plasma. To further
characterise radioligands, in vitro autoradiography studies were performed on post
mortem human brain tissue. During this screening process, nine of the most potent
and selective NET inhibitors reported to date were prepared and labeled with
carbon-11 (¢;, 20.4 min) or fluorine-18 (¢;, 109.8 min). Some improvements were
also made with regards to the labelling of aryl fluoromethyl ethers and sulfides with
fluorine-18, with a view to potential application in preparing new candidate NET
radioligands.

Several candidate radioligands failed in the initial screening process. However, one
lead compound was identified, namely (S,S)-[''C]MeNER. The regional distribution
of (S,5)-[''C]MeNER in monkey brain was found to be in accord with known
densities of NETs and was also shown to be specific to NET in a pre-treatment
experiment. However, the binding kinetics of (S,5)-[''C]MeNER was found to be
slow, which limited its utility in assessing regional NET densities in man. (S,S)-
["®F]JFMeNER was therefore developed as an improved analogue with a longer half-
life that allowed the specific binding to reach equilibrium during the time-frame of
the PET measurements. Its metabolic instability did however result in defluorination,
which confounded the imaging of cortical regions. The di-deuterated analogue (S,S)-
['"*F]JFMeNER-D, was thus prepared, which showed a similar distribution in brain as
the previously mentioned radioligands, but also displayed a reduced defluorination. /n
vitro autoradiography with (S,S)-['*FJFMeNER-D, on post mortem human brain
cryosections further demonstrated specific binding to NET. (S,S)-["*F][FMeNER-D,
has the potential to be the first useful radioligand for quantitative imaging of NETs in
the living human brain.
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Logic will get you from A to B. Imagination will take you everywhere.

Albert Einstein
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LIST OF ABBREVIATIONS

5-HT serotonin

aka also known as

ADHD attention deficit hyperactivity disorder

Alpha particle positive helium ion (He*")

BBB blood-brain barrier

Bn benzyl

Carrier non-radioactive form of a radioligand/radiotracer (e.g.
with '¥1C replacing ''C)

CNS central nervous system

DA dopamine

DAT dopamine transporter

DMF N,N-dimethylformamide

DMI desipramine, desmethyl-imipramine

Et ethyl

Eudismic ratio potency of the active enantiomer relative to that of the
inactive enantiomer

Eutomer active enantiomer

HPLC high performance liquid chromatography

Hydrophilic polar, tendency to dissolve well in water

L.D. injected dose

In vitro “in flask”, i.e. in the test tube

In vivo “in life”, i.e. in the living cell or organism

Kryptofix (K2.2.2) 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo
[8.8.8]hexacosane

LC locus coeruleus

Lipophilic non-polar, tendency to not dissolve well in water

Me methyl

MeCN acetonitrile

MeNER methyl norethyl reboxetine

Ms methanesulfonyl

NE norepinephrine

NET norepinephrine transporter

Norepinephrine noradrenaline
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RCY

RN
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SAR
SERT
SPET
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SSRI

Lip

Tf

TFA

TLC

Ts

Vide infra
Vide supra

partition coefficient between octanol/water, used as an
index of hydrophilicity/lipophilicity
positron emission tomography
phenyl

propyl

partial volume effect

radiochemical yield

raphe nuclei

region of interest

structure activity relationships
serotonin transporter

single photon emission tomography
specific radioactivity

selective serotonin reuptake inhibitor
half-life

triflate, trifluoromethanesulfonyl
trifluoroacetic acid
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INTRODUCTION

Towards the end of the 19™ century, the German scientist Paul Ehrlich was
fascinated by how dyes could selectively stain certain cell types in the presence of
others. Ehrlich knew that the colour of the dye was associated with the side-chains of
its chemical structure and therefore assumed that cells had similar side-chains, which
interacted with the side-chains of the dyes in a specific manner. This led him to
believe that for each strain of bacteria, there was a specific compound, a so-called
“magic bullet”, which could kill the bacteria without harming the host. In 1909, after
extensive synthesis and biological testing, Ehrlich found an arsenic compound,
“compound 6067, which turned out to be an effective cure for syphilis. Ehrlich is
considered one of the pioneers in medicinal chemistry and his “compound 6067, later
known as Salvarsan, was used until antibiotics were discovered in the 1940s.

The imaging agents used with positron emission tomography (PET) today can be
viewed as the present “magic bullets”. Similar to Ehrlich’s original idea, suitable PET
imaging agents seek out and image their respective targets with very high selectivity.
This thesis work has focused on the development of new agents for imaging
norepinephrine transporters inside the living human brain. The present summary will
begin by briefly introducing the importance of norepinephrine transporters in human
psychobiology and what knowledge that might be gained by developing suitable
imaging agents for these transporter proteins. Some of the methodology that is
employed in radioligand synthesis and development will also be described. The
specific results that were obtained during this project will be summarized here, as
well as in appendices as manuscripts or reprints from original publications. The thesis
will be concluded with some views on future directions in the development of
norepinephrine transporter radioligands.

Norepinephrine and Norepinephrine Transporters

Norepinephrine (NE, noradrenaline) is a chemical messenger that is part of a
greater family of hormones and neurotransmitters commonly referred to as
catecholamines. The catecholamines, especially NE and epinephrine (E, adrenaline),
play a central role in the regulation of heart rate and glucose metabolism and are vital
in preparing the body for fight or flight responses.' Within the central nervous system
(CNS), NE acts as a neurotransmitter that is involved in a number of important
regulatory processes such as the regulation of sleep, mood and the degree of alertness
and arousal.'

The biological effects of NE in the synapse are primarily mediated by variations in
the concentration of noradrenergic receptors and neurotransmitter. Whereas receptor
concentrations may be regulated by desensitization, neurotransmitter concentrations
are actively limited, in magnitude and duration, by NE transporter proteins (NETs).?
NETs are localized pre-synaptically on noradrenergic nerve terminals, are activated
upon polarization and recover about 70 to 90% of released NE from the synapse.'
Neurons are thus largely dependent on NETs for the efficient removal of synaptic NE,
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which make them vulnerable to abnormalities in NET expression or pharmacological
blockade of these proteins.

NET and Psychobiology

Abnormalities in the central noradrenergic system have been implicated in the
pathophysiology of several neuropsychiatric and neurodegenerative disorders, such as
anxiety disorder,’ attention deficit hyperactivity disorder (ADHD)," depression,™®
drug abuse’ and Alzheimer’s disease.® More specifically, decreased levels of NETs
have been observed in the brains of patients with major depression™® and
Alzheimer’s’ disease.® Increased levels of NETs have been observed in the brains of
rhesus monkeys upon chronic self-administration of cocaine.” Given the implication
of NETs in the abovementioned disorders, significant efforts have been directed from
the pharmaceutical industry to develop potent and selective NET inhibitors.

NET inhibitors have been most widely used as antidepressants.® The treatment of
depression by alterations of synaptic monoamine concentrations was introduced in the
1950s. In 1957, Kuhn presented data from clinical trials of a tricyclic antidepressant
drug, which had its efficacy partly based on NET inhibition (imipramine,
(Tofranil®).” The same year, Loomer ef al. reported clinical evidence for iproniazid,
another type of antidepressant based on inhibition of monoamine oxidase (MAO),
which is the enzyme responsible for metabolism of NE and serotonin (5-HT).'® Until
the development of the selective serotonin transporter (SERT) inhibitors (a.k.a
SSRI's, e.g. Prozac®) in the 1980s, tricyclics and MAO inhibitors were
predominantly used in antidepressant treatment. More recently, a hypothesis has been
developed that NET and SERT inhibitors treat different kinds of depression and may
be used concomitantly with benefits to the patient."'

Whereas the noradrenergic system appears to play a central role in depression,
inhibition of NETSs in the treatment of ADHD has been suggested to be primarily
related to the modulation of dopaminergic levels in the prefrontal cortex.'” Such a
mechanism is reasonable for two reasons. First, the concentration of dopamine
transporters (DATSs) in the prefrontal cortex is low." Second, dopamine (DA) has
higher affinity for NET than NE itself.'"* Both these facts together imply that NET
may also accept DA as a substrate in brain regions devoid of DATs, which adds an
extra dimension to the elucidation of the underlying mechanisms of other
neuropsychiatric disorders in which NET is the target for treatment.

Brain Imaging in Studies of Neuropsychiatric Disorders

There are several techniques that allow non-invasive imaging of the living human
brain. These can be divided into two fundamentally different classes of technique.
One class, which provides anatomical information of the human brain, comprises
imaging techniques such as magnetic resonance imaging (MRI) and X-ray computed
tomography (CT). The other class, which provides functional information of the
human brain, comprises tomographic methods such as positron emission tomography
(PET) and single photon emission tomography (SPET)." The latter two techniques
require process-specific radioabelled probes (radioligands) to be administered before
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the tomographic measurement is performed. When comparing PET and SPET, PET
has the advantage of higher spatial resolution (3.8 mm for the PET camera used in
this thesis project, vs. 8 mm for SPET) and better means of quantification (due to
more accurate scatter and attenuation correction).

Brain imaging with PET is today a recognized tool in clinical studies of
neuropsychiatric disorders and in drug development. The first quantitative study of
dopamine D, receptor occupancy in relation to antipsychotic drug-treated patients was
made 20 years ago with [''C]raclopride'® Since then, PET has been proven useful for
optimization of clinical treatment'’ and proof of concept studies.'® A major advantage
of PET within drug development is that detailed information regarding biodistribution
and metabolism of a new drug can be obtained after administration of only a few
micrograms. Thus, information regarding the success or failure of a new drug may be
available before entering into large-scale clinical trials, which are costly and
time-consuming.'**!

Although the scope of PET is great, there are some limitations with the technique,
which need to be addressed for PET imaging facilities. PET cameras measure
emission from annihilation events and thus require ligands labelled with positron-
emitting radionuclides. The radionuclides used in this thesis, e (t;2=20.4 min) and
'F (t,, = 109.8 min), were produced in a cyclotron adjacent to the PET camera, due
to their short half-lives. Large investments are required in equipment such as the
cyclotron, PET camera, ‘hot-cells’ and other radiochemistry laboratory equipment,
which so far has hampered the widespread use of PET. In contrast, the commonly
used SPET radionuclide, *™Tc, can be obtained more inexpensively from
commercially available generators.

A PET imaging study depends strongly on the radioligand used in the emission
measurement. Generally speaking, a useful PET radioligand is specific for a certain
protein or biological process. In this thesis, the focus has been on developing a
radioligand specific for visualizing a brain neurotransmitter transporter. However,
other proteins that may be visualized and measured include enzymes and receptors.
Examples of biological processes that may be visualized by PET are metabolism and
blood flow.

Radioligand Development

Factors that determine the success of a candidate PET radioligand are similar to
those that govern the success of a candidate drug. For example, suitable
pharmacodynamic properties, such as high affinity and selectivity for the target
protein, are of great importance in both cases and thus make many existing drugs
suitable candidate radioligands. However, it has also been shown that it is far from
certain that a useful drug will be useful as a radioligand.

In PET radioligand development, the density of target proteins (B,..) is a key issue
that need to be considered beforehand, as this will dictate the degree of affinity (/Cs,,
K; or K,;) and selectivity that will be required from a successful candidate. The target
protein density (B,..x) should clearly exceed radioligand affinity (K;) for good image
contrast. Hence, a ratio of five between these two parameters can be used as a useful
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initial guideline. The B, of NETs in human insular cortex is about 4.4 pmol/g,
which dictates that the affinity of a suitable radioligand for visualizing NETs in this
region should be 0.9 nM. Other regions of the primate brain that are more dense in
NETs, like the locus coeruleus (LC),”** may however be visualized by radioligands
with lower affinity. In this manner, thresholds may be placed with regards to the
minimum affinity required for imaging a target protein region by PET in vivo.
However, species differences in the expression of NETs exist and these estimates
should not be extrapolated across species.”** In addition, because affinity values may
vary greatly in the literature depending on the assay conditions, it may be wise to not
use these thresholds strictly. In this thesis work, it was decided that structures in the
low nano-molar range should be evaluated in the original screening phase to eliminate
the possibility of missing out on potentially useful NET radioligands.

The affinity of a radioligand will also influence its in vivo binding kinetics. For
example, a high affinity radioligand will require a longer time to equilibrate than a
low affinity radioligand in a high-density target region (e.g. [''C]raclopride vs. higher
affinity [''CJFLB-457).%° Radioligands showing slow kinetics (i.e. those that do not
reach a peak equilibrium of specific binding within 90 min) may be advantageously
labelled with fluorine-18 due to the longer half-life of this radionuclide. The peak
equilibrium of specific binding is an asset in the biomathematical modelling of PET
data. This concept will be discussed in more detail later.

The selectivity of a candidate radioligand is related to non-target protein densities.
In the case of NET radioligands, the selectivity versus DATs is of central interest,
since the DAT proteins are highly abundant in brain. [''C]Cocaine for example,
despite having a reported affinity of 640 nM for DATs,”” has been used to image
DATSs in human striatum.”” The selectivity of a candidate radioligand vs. SERT is not
nearly as crucial, since the density SERTs in rat hypothalamus (a high density SERT
region) is about three times that of NET in the LC of the rat brain.>***

Whereas the in vitro pharmacodynamic properties, affinity and selectivity, are the
most important predictors in the selection of a candidate radioligand for PET
evaluation, the pharmacokinetic properties of a candidate radioligand may only be
determined by in vivo experiments. However, there are some guidelines (e.g. the
“Lipinski’s rule of five”, vide infra) that have been shown to be useful in drug
development that may also be successfully applied in the development of
radioligands.

Radioligands are predominantly administered by intravenous injection. Thus, the
absorption of a radioligand is achieved directly into the blood stream for efficient
delivery to the target organ, which in this thesis was the brain. The bio-distribution of
a CNS radioligand must be such that at least 2% of the radioactivity is accumulated in
brain after administration, to ensure proper counting statistics with the PET camera.
Several factors govern the accumulation of candidate radioligands in brain, including
binding to plasma proteins, rapid metabolism, rapid clearance from plasma or
efficient exclusion from brain by efflux pumps.**** These factors are hard to predict,
but some guidelines on the physicochemical properties of a candidate drug have been
developed. According to Lipinski,* for good drug permeability and tissue absorption,
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the molecular weight should not exceed 500 g/mol, the LogP should not exceed five,
the number of hydrogen bond (H-bond) donors should not exceed five and the total
number of hydrogen bond acceptors should be less than ten.** For CNS drugs, it has
been argued that more stringent rules need be applied, with a maximum molecular
weight of 450 g/mol and a maximum LogP of four.”> Furthermore, a parabolic
relationship has been shown between LogP and brain extraction in a series of small
non-ionized molecules, where the maximum brain accumulation was observed with
LogP values between three and four.’® LogP is also often associated with non-specific
binding, but given the heterogeneity of such interactions, no firm support is to be
found of such relationships in literature. Given the importance of lipophilicity in brain
extraction and its potential involvement in non-specific interactions, calculated LogP
values (cLogP’s) were used as guidelines in the selection of potential candidate
radioligands alongside the previously mentioned pharmacologic parameters, affinity
and selectivity. It is important to emphasize that the lipophilicity of a candidate
radioligand, especially when calculated with computer programs, should only be used
as a guideline in radioligand development and not as a strict discriminator.

The metabolism of a suitable PET radioligand must be such that no BBB permeable
radiometabolites are formed that may contribute to brain radioactivity, since the PET
camera merely measures radioactivity and does not distinguish between
radiochemical entities. If a radiometabolite enters brain, it may have detrimental
effects on the quantification of the PET data, especially if the radiometabolite has
some degree of target selectivity.”> An estimate of the relative lipophilicity of a
formed radiometabolites, and thus its BBB permeability, as well as quantitative data
on the rate of metabolism of a radioligand, can be obtained by radio-chromatography
techniques such as thin layer chromatography (TLC) and/or high performance liquid
chromatography (HPLC).”® The latter, coupled with mass spectrometry, may be
especially useful in the identification of radiometabolites.”” To test whether
radiometabolites are present in brain during PET measurement, ex vivo analyses of
brain tissue extracts can be performed. Such experiments require the animal to be
sacrificed after the radioligand is injected and are mostly limited to rodents, which
may diminish the utility of the obtained results, as species differences in metabolism
(especially in the rate of metabolism) may be significant.

Radiochemistry with Positron-Emitting Radionuclides

Due to the short half-life of the positron-emitters, a suitable PET radioligand should
be amenable to rapid and automated labelling to minimize radiation exposure to
production personnel. As a rule of thumb, radiosyntheses involving positron-emitters
should be completed within three half-lives of their production. It is thus of advantage
if the radiolabel is inserted in the last possible step of the radiosynthesis. Automated
apparatuses have been developed that convert the most commonly used cyclotron-
produced precursors, [''CJcarbon dioxide and [''C]methane, into more reactive
alkylating agents, such as [''C]methyl iodide’® or [''C]methyl triflate,” which are the
most frequently applied electrophiles in the synthesis of ''C-labelled radioligands.
Higher homologues of [''C]methyl iodide (e.g. ethyl, propyl and butyl) are also
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available through ''C-carboxylation, reduction and iodination of the appropriate
aliphatic Grignard reagent,” but are much less utilized as labelling agents. Other
labelling agents used in ''C radiochemistry include [''CJcarbon monoxide,"
[''Clammonium cyanide* and ''C-labelled acyl chlorides.’**

Synthesis apparatuses that use ['*F]fluoride ion in direct aliphatic or aromatic
nucleophilic substitutions have also been developed and are commercially available.**
By further manipulations of such modules, or by in-house developed modules,
electrophilic agents such as ["*F]fluoromethyl bromide and ['*F]fluoroethyl bromide,
or their sulfonate ester analogues, may also be prepared.45'51 Electrophilic
['*F]fluorine may seem like an attractive labelling agent, but is not amenable for
labelling of receptor or transporter ligands due to its low specific radioactivity (SR).”

Depending on the affinity of the radioligand and the density of the target
population, different requirements will be posed on the minimum SR that must be
employed to ensure that a receptor or transporter population is not saturated by carrier
(compound containing a corresponding stable isotope of the radionuclide). It is
generally accepted that if PET imaging is to be conducted under “true tracer
conditions”, less than 5 % of the target population should be occupied by carrier.”

Preliminary Evaluation of a Candidate Radioligand

The preliminary evaluation of a new radioligand may be performed by different in
vitro, in vivo or ex vivo techniques. New ligands with unknown pharmacological
properties need first be assayed for affinity and selectivity in vitro. These parameters
may be obtained by competition studies between the unlabeled candidate radioligand
and a radioligand of known affinity in tissue or homogenate containing the target
protein. A candidate radioligand with suitable pharmacological properties may then
be subjected to post mortem human in vitro autoradiography,>**® in which brain tissue
sections are incubated with the candidate radioligand and the accumulation of
radioactivity is developed onto a sensitive film or by a phosphor imager. This
technique may give a hint on the potential utility of a candidate radioligand in human
brain tissue before clinical studies, but sometimes requires a great deal of
optimisation of incubation and washing conditions in order to work efficiently. It is
thus not recommended to discard a candidate radioligand on the basis of high non-
specific binding in a non-optimised autoradiography experiment. In contrast, if
autoradiograms display low non-specific binding as well as accumulation in known
high-density regions under such non-optimised conditions, they may be a good
indication of the success of a candidate radioligand. Additional blocking experiments
with pharmacologically known ligands for other receptor systems may also be
performed to further establish the specificity of the candidate radioligand.

As a means to assess the potential utility of a candidate radioligand in vivo, PET
imaging may be performed in rodents, but more preferentially in non-human
primates. The ratio of radioactivity concentration between a region that is known to
contain a high density of target protein to a region known to be devoid of target
proteins is often used as a measure of the utility of a radioligand to visualize its target.
The higher the ratio, the easier it is to detect discrete changes in target densities due to
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drug occupancy or disease. The binding potential (i.e. B,./K,) of a radioligand in a
given brain region is a quantitative estimate of the receptor concentration in that
region. This parameter may be obtained from PET data by using kinetic or
equilibrium modelling approaches, such as the transient equilibrium model.”****’ In
the latter model, the non-specific concentration of a radioligand in brain is assumed to
be the same as the concentration in a reference region in brain that is devoid of target
proteins.>® This is a simplification that is not always valid,”’ but was used in this
thesis due to the lack of a measured arterial input function. Thus, the specific binding
was estimated as the difference in radioactivity concentration between target and non-
target regions. The specific binding peak equilibrium was defined as the time after
injection when maximum specific binding occurred.

Before such biomathematical modelling, the specific binding in vivo needs to be
determined by pharmacological challenges with ligands of known affinity and
selectivity. Pre-treatment studies, in which a ligand of known affinity and selectivity
is administered before the radioligand, can test the specificity of the candidate
radioligand. Displacement studies, in which a ligand of known affinity and selectivity
is administered after injection of the candidate radioligand, can also test the
reversibility of the binding. In addition to these experiments, which in principle may
be performed in any given species in vivo, genetically modified mice that lack
expression of a specific protein (a.k.a. knock-out mice) are now available for many
pharmacological targets and may be used to test the binding specificity in vivo and in
vitro.”® Knock-out mice are powerful tools to test in vivo specificity, but one must
consider that species differences between rodents and primates may be operating
when interpreting results from such studies.

In rodents, but also in some rare exceptions in non-human primates, ex vivo
analyses of regional brain radioactivity distribution can be performed by excising and
measuring the brain regions of interest (ROIs). Since the ROIs of a rat brain are small
in nature, such measurements may be advantageous to PET measurements with
respect to partial volume effects (PVE).” As previously mentioned, radiometabolite
analysis is a crucial step in the evaluation of a candidate radioligand and may be
advantageously conducted concomitantly with ex vivo analyses of rat brain regions.*’

NET Inhibitors

Inhibitors of NE reuptake can be divided into subclasses depending on the number
of fused rings in the molecular structure. The tricyclic antidepressants form an
important group of antidepressants that comprises several potent and selective NET
inhibitors.°*®" Other groups, in which potent NET inhibitors may be found are
monocyclics,”® bicyclics® and tropane derivatives.®”®

The mutual structural elements of all potent NET inhibitors (except tropanes) are
two aryl rings (A and B, Fig. 1)) and a secondary amine. It has been suggested that
the aryls should have an antiperiplanar orientation to the secondary amine nitrogen
for optimal activity.®® If an aliphatic H-bond acceptor (e.g. ether linkage or hydroxyl
group) is present in the ligand, the stereochemical orientation of this moiety is of
importance for affinity."*****% For example, the eutomers (R)-tomoxetine and (S)-
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hydroxymaprotiline (OXA) inhibit NE reuptake with eudismic ratios of about § and
1000, respectively.®"** Regarding aromatic substitution, 3’-chloro substitution of
phenyl B seems to be optimal,®***’® whereas the optimal substitution of phenyl A is
unclear. Tricyclic derivatives are generally unsubstituted in this ring, whereas the
rank order of pharmacological activity on the nisoxetine platform is 2-1 > 2-SMe > 2-
Me > 2-OMe.**"" It has been shown that replacing the 2-ethoxy group in reboxetine
with a 2-methoxy group results in increased potency.” Since the reboxetine and
nisoxetine platforms are very similar, it is likely that the reboxetine platform would
follow the same pattern as the nisoxetine platform in the rank order of potency
regarding substitution of phenyl A. However, no such structure-activity relationships
(SAR) have been reported to date.

Monocyclics Bicyclics
R R!
2 /
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0 o H /
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H - NH Q
o\) R®
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Figure 1. Structures and affinities of various structural classes of NET inhibitors.

By estimating the lowest energy conformation of eleven of the most potent NET
inhibitors (/Csy < 10 nM) derived from the structural classes depicted above by using
Spartan (Wavefunction Inc., Irvine CA, USA), the distances between the three
binding sites were calculated. No attempt was made to correlate distances with
affinity for NET, since the compounds were not screened against their in vitro affinity
in the same assay. The mean distance between centroids within the two phenyls was
4.98 + 0.45 A, whereas the distances between centroids within phenyl A and B to the
nitrogen atom of the secondary amine were 5.65 + 0.53 A and 6.40 + 0.58 A,
respectively. These parameters (together with the angles between the binding sites)
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were used to make crude predictions on whether new ligands would possess high
affinities towards NET.

AIMS AND LONG TERM OBJECTIVES

This project aimed to develop the first effective radioligand for imaging NET in the
living human brain. First, because the predictive capacity of physicochemical
parameters on the success of candidate radioligands in vivo may be limited, potent
NET inhibitors from diverse structural classes were to be prepared and evaluated as
candidate NET radioligands. Second, in the event of any successful candidate
radioligand, that compound would be subjected to further structural modifications.

In the long term (not included in this thesis work), a suitable NET radioligand
would offer the possibilities to:

1) examine the distribution and density of NETs in the living human brain, both in
healthy volunteers and in patients with the neuropsychiatric disorders, especially
depression.

i1) identify and validate targets for drug action in neuropsychiatric disorders by brain
imaging in drug treated patients.

iii) develop principles for optimal clinical treatment.

The outcome of these examinations could subsequently be applied in the
development of more effective drugs.

RESULTS & DISCUSSION

When this project was started, only one candidate radioligand had been evaluated as
a PET radioligand for imaging central NETs, namely [''C]nisoxetine.”” Although
[*H]nisoxetine had long been a validated tool for in vitro autoradiographic studies of
NETs,>*>">™ its isotopomer [''CInisoxetine exhibited a high degree of non-specific
binding in vivo, which diminished its utility as a PET radioligand.”

Bicyclic and Tricyclic NET inhibitors as PET radioligands (Paper I)

A series of phenyl phthalans were discovered as potent monoamine transporter
inhibitors by Begeso et al. at the Danish pharmaceutical company, Lundbeck.®
Among these compounds, two NET inhibitors, talopram and talsupram, were further
evaluated in clinical trials, in which they demonstrated some antidepressant
efficacy.”’® Talopram and talsupram are two of the most potent NET inhibitors
reported to date with /Csy’s of 2.9 and 0.79 nM, respectively. Furthermore, they are
highly selective (>100-fold) versus a wide range of other targets.

Desmethylimipramine (desipramine, DMI) is the N-desmethyl metabolite of the
tricyclic antidepressant, imipramine (IMI, Tofranil®).” In contrast to IMI, which is a
selective and potent SERT inhibitor, DMI is a potent and selective NET inhibitor,*
with a NET affinity of 0.97 nM (ICs;).”” DMI has been widely used as an
antidepressant.’ The clinical side effects of tricyclics are usually associated with their
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affinity towards muscarinic acetylcholine receptors. DMI, however, has only a low
affinity for these receptors (K; = 66 nM)’’ that is of minor importance in relation to
PET imaging. Before this study, the isotopomer [’H]DMI had been used for in vitro
autoradiography of NETs in the human brain post mortem.”” [*H]DMI was found to
distribute heterogeneously in the human brain, with binding to two different sites, of
which that of higher affinity was assumed to be the NET binding site.”®

Given that the physicochemical properties of DMI, talopram and talsupram were in
the range expected for a suitable PET radioligand for NET, and that the clinical
efficacy of all three ligands demonstrated that they gain entry to brain, we were led to
evaluate the three compounds as candidate radioligands for NET.

Chemistry

With the co-operation of Lundbeck A/S, non-radioactive precursors and standards
for the ''C-labeling of talopram and talsupram in their N-methyl positions were
obtained. The nor-methyl precursor for DMI was readily obtained by following the
synthetic route reported by Van Dort et al.*

The labelling of secondary amines using [''C]methyl triflate is well described in the
literature.””®" Using such established conditions, the radiochemical yields (RCYs) of
[''CIDML, ["'C]talopram and [''CJtalsupram (Fig. 2, vide infra) from [''C]methyl
triflate were in the order of 60%. The SRs of [''C]DMI, [''C]talopram and
[''C]talsupram were between 58 and 75 GBg/umol, respectively, which is in the
range usually achieved when using [''C]methyl iodide derived from target produced
[''C]carbon dioxide.*

e 8 s

DMI Talopram Talsupram

Figure 2. Structures of the NET inhibitors DMI, talopram and talsupram. The asterisk denotes the
labelling position. Racemic talopram and talsupram were evaluated in this study.

PET in Non-human Primates

The regional radioactivity distribution in brain after injection of [''C]talopram or
[''C]talsupram into a cynomolgus monkey was slightly heterogeneous, with higher
accumulation of radioactivity in NET-rich regions (e.g. lower brainstem) than in
NET-poor (e.g. striatum). The global radioactivity accumulation in brain was
however very low, with maximally 0.7 and 1.3% of the injected radioactivity present
in the monkey brain after injection of [''C]Jtalopram or [''C]talsupram, respectively.
This low accumulation in brain, which is too low for a useful CNS PET radioligand,
was also confirmed by McConathy et al., who reported that about 0.07% of the
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injected dose (%LD.) per g of the active enantiomers of [''Cltalopram and
[''C]talsupram entered brain.*’ It may seem like a large discrepancy that these
radioligands failed to accumulate in brain, since previous data suggested that the
ligands had clinical efficacy as antidepressants.”’® A number of factors may limit the
access of a radioligand to brain (see page 12), of which some are saturable processes.
A reasonable explanation for these diverse observations is that talopram and
talsupram take part in such saturable processes, making their availability in brain
concentration dependent. Examples of such processes are binding to plasma proteins
(e.g. serum albumin) or active exclusion from brain by a brain efflux pump (e.g. Pg-
P).

After injection of [''C]DMI into a cynomolgus monkey, radioactivity readily
entered brain (2.7%I1.D.). The regional distribution of radioactivity in brain was
however only slightly heterogeneous and quite insensitive to inhibition of NETs by
pre-treatment with the reference NET inhibitor, DMI. This was in contrast to previous
in vitro studies with ["H]DML” An explanation for this discrepancy is that washing
steps, that may only be utilized in vitro, remove non-specific binding in the
autoradiography experiments. Another possible explanation is that species differences
exist in the expression of NETs between the human and the non-human primate brain.

Radiometabolite Analysis

The metabolism of [''C]DMI, [''C]talopram and [''C]talsupram was comparatively
fast, with about 20 - 25% of radioactivity in plasma represented by parent radioligand
at 45 min after injection. No radiometabolites more lipophilic than their parent
compounds were found in plasma. It is thus unlikely, although not impossible, that
radiometabolites entered brain and confounded brain imaging with any of the
evaluated radioligands.

Candidate Radioligands Based on Aryloxy Morpholines (Papers I1-V)

Reboxetine (Edronax®) is one of few second generation antidepressants that target
NET in contrast to SERT.* In the original paper on the development of reboxetine, its
O-methyl desethyl analog (MeNER, ICsy = 2.5nM) was found to be about threefold
more potent than reboxetine itself in the inhibition of NETs in rat cortical
synaptosomes.” Because of its two chiral centers, there are four stereoisomers of
reboxetine. Of these, the S,S-isomer is the most potent, with a eudismic ratio of about
20 in vitro compared to its R, R-enantiomer.*

In view of: i) the high affinity and selectivity of (S,S)-MeNER for NET, ii) the
comparatively low lipophilicity of (S,5)-MeNER compared to reboxetine, and iii) the
relative ease of labelling the O methyl group of (S,S)-MeNER with carbon-11, (S,S)-
MeNER was chosen as a candidate radioligand for NET.

Radiochemistry

The O-desmethyl non-labelled precursors (NER; individual syn enantiomers) for
MeNER were obtained with the co-operation of Eli Lilly & Co.
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Due to competitive alkylation of the morpholino moiety of NER, variable amounts
of N-alkylated product were observed when using [''C]methyl triflate as labelling
agent for MeNER, except when the precursor was N-Boc protected. In contrast,
MeNER could be regiospecifically labelled in its O-methyl position when using
[''C]methyl iodide under alkaline conditions (Scheme 1).***” With such conditions,
the individual syn enantiomers of [''C]MeNER were prepared in quantitative RCY
from [''C]methyl iodide and at high SR (48-74 GBg/pmol).

OH O"CH,
@ig ["CICHgl (IQ
' NH D ' NH
z DMF z
oS oS

Scheme 1. Labelling of (S,5)-MeNER in its O-methyl position with ''C.

PET in Non-human Primates

Following injection of [''C]MeNER, radioactivity readily entered brain (~ 3% 1.D.).
The binding of [''C]MeNER to NETS in the cynomolgus monkey brain was found to
be highly stereospecific, with the highest retention of radioactivity in NET-rich
regions after injection of the (S,S)-isomer (Fig. 3).

(S,S){"'C]MeNER (R,R)-["'C]MeNER

~
a

—¥ Lower Brainstem
—— Mesencephalon
-8~ Thaamus

—o— Striatum

a o 9 o N
e a e a o

Radioactivity concentration (nCi/mL)
&

Radioactivity concentration (nCi/mL)

0 1 20 30 40 % 60 70 8 0 10 0 10 20 X 4o 5 6 70 B P 10
Time (min) Time (min)
Figure 3. Regional brain distribution of radioactivity after injection of the individual syn (S,S and
R,R) enantiomers of [O-methyl-'""C]MeNER.

In a pre-treatment experiment with DMI, the specific binding was markedly
decreased in the examined brain regions, almost to a striatal level (Fig. 4). The
specific binding of (S,5)-[''C]MeNER increased towards the end of the PET
measurement and thus failed to reach a transient equilibrium during the time-frame of
the PET study (93 min).>
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(S,S)1''C]IMeNER (S,S)1"'C]MeNER vs. DMI challenge
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Figure 4. Regional brain distribution of radioactivity in PET experiments with (S,S)-[''C]MeNER
under baseline (left) and pre-treatment conditions (right).

A slight increase in the global brain radioactivity accumulation was observed in the
pre-treatment experiment with DMI. This increase may have been due to inhibition of
peripheral NETs and/or radioligand metabolism,*® which may both increase the
plasma concentration of a radioligand.

In vitro Autoradiography

In a preliminary autoradiography experiment with (S.S)-[''C]MeNER on post
mortem human brain cryosections, radioactivity accumulated in the LC, a region
known to be dense in NETSs both in the brains of rats and humans.?**>" However, the
non-specific binding of (S,S)-[''C]MeNER was also high throughout the entire brain
section under these non-optimised conditions.

Autoradiography experiments with (S,S)-[’H]MeNER in normal and NET knock-
out mice showed negligible amounts of specific binding in the knock-outs, whereas
high binding was found in NET-rich regions of normal mice.”® This further supported
the specific binding of (S,5)-MeNER to NET.

Analysis of Metabolites of (S,S)-[“C]MeNER in Rats, Monkeys and
Humans (Paper VII)

In view of the positive results obtained with (S,5)-[''C]MeNER, together with other
separate reports by the PET groups at both Toronto and Brookhaven,*™*” it was
decided to assess the utility of (S,S)-[''C]MeNER for the determination of
reboxetine-induced central NET inhibition in healthy human volunteers. Concurrent
with these PET studies, we also performed radiometabolite analysis. Thus, in paper
VII, we evaluate the metabolism of (S,S)-[''C]MeNER in humans, monkeys and rats.

The metabolism of reboxetine has been studied extensively by Dostert et al..*’ Due
to the high structural similarity between MeNER and reboxetine, we hypothesized
that the biotransformations of the two compounds would be similar (Scheme 2).
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Scheme 2. Putative metabolism of MeNER (R = Me) based on the metabolism of the O-ethyl
homologue, reboxetine (R = Et).%

Reboxetine (1, O = Et) undergoes extensive oxidative metabolism in all species,
through three major metabolic pathways: i) hydroxylation of the ethoxy-bearing aryl
ring (2), ii) oxidation of the morpholinyl moiety (3) and iii) O-de-ethylation (5).
Another possible pathway for metabolism was found to be N-methylation (4)
followed by oxidation to form the N-oxide, 7.*

Consistent with literature on the metabolism of reboxetine,” it was found that the
metabolism of (S,5)-[''C]MeNER was faster in rats (17 + 4% at 30 min, n = 3) than in
monkeys (77 + 14% unchanged radioligand at 30 min, » = 5) and humans (85 + 7% at
30 min, n = 18). Two other radiometabolites were found in monkey and human
plasma, with one more lipophilic than (S,S)-[''C]MeNER itself. In humans, this
radiometabolite comprised 9 + 5% of the plasma radioactivity at 4 min and 1 + 2% at
40 min. In monkeys, the same radiometabolite was only detectable in the first plasma
sample, where it comprised 3 + 2% of the total radioactivity. No radiometabolite
more lipophilic than MeNER was observed in rat plasma. In rat brain ex vivo, most of
the radioactivity (> 87%) corresponded to (S,5)-[''C]MeNER. De-methylated, and
thus unlabeled, 5 was the major metabolite identified by LC-MS and has no
implication for PET studies with (S,S)-[''C]MeNER.

Our findings imply that radiometabolites will have insignificant or no effect on
brain PET imaging in rats and monkeys. In human subjects, significant amounts of a
transient lipophilic metabolite were detected in plasma. The kinetics of this
radiometabolite appears favourable to successful PET imaging, as this
radiometabolite is rapidly cleared. However, it cannot yet be wholly excluded that

22



SYNTHESIS AND EVALUATION OF NEW NET RADIOLIGANDS

this radiometabolite has a detrimental effect on imaging of NETs in the human brain
with (S,S)-[''C]MeNER.

Fluorinated Analogues of (S,S5)-MeNER (Paper III)

In the clinical evaluation of (S,S)-[''C]MeNER, the test-retest variability in BP
ranged between 17 and 31%, depending on the examined ROL’® This variability is
too large for measurements of discrete changes of NET inhibition in brain. The large
test-retest variability is primarily associated with the slow binding kinetics of the
radioligand, which necessitates binding potentials to be estimated from emission data
obtained between 63 and 93 min after injection of (S,S)-[''C]MeNER. At these time-
points, the data is very vulnerable to noise due to the short half-life of ''C. In an
attempt to extend data acquisition over the specific binding peak equilibrium, we
were interested in introducing a longer-lived radionuclide into the structure. Around
this time period, it had been demonstrated that an aryl S-fluoromethyl SERT
radioligand, (S)-['*F]fluoromethyl-(+)-McN5652, displayed a similar binding affinity
and regional brain distribution as its S-methyl analogue.”’ In addition, the
radiochemistry of the radiofluoromethylation agents, ['*F]bromofluoromethane and
["*F]fluoroiodomethane, had also been recently revisited.*~*>"7®

We hypothesized that an O-['*F]fluoromethyl analogue of (S,S)-[''C]MeNER
((S,S)—[18F]FMeNER) would 1) be readily available from its O-desmethyl precursor,
NER, the same non-labelled precursor that is used in the preparation of (S,S)-
[''C]MeNER, ii) have similar binding affinity as (S,S)-[''C]MeNER, and iii) allow
imaging of the specific binding peak equilibrium and thus also provide a more robust
estimate of NET density in the primate brain.

Radiochemistry and Pharmacology

In a pharmacological assay, (S,S)-FMeNER was found to be almost equipotent to
(S,5)-MeNER, with an in vitro affinity of 3.1 nM (K;), compared to 2.5 nM for
(S,5)-MeNER. (S,5)-FMeNER had also retained its selectivity towards NET.

(S.5)-["*FJFMeNER was prepared from ['*F]fluoride ion in a two-step process
(Scheme 3). First, ['*F]fluoride ion was reacted with dibromomethane to yield
['®F]fluoromethyl bromide, which was purified by distillation through silica Sep-
paks.*® In the second step, ['*F]fluoromethyl bromide was reacted with the non-
libelled phenolic precursor of (S,S)-['"*F]JFMeNER. The overall yield of this
unoptimized two-step process was around 5 to 10% and the SR was between 110 and
185 GBg/umol. Further improvements in this process have been made since it was
originally reported, which has increased the yield to 13%.
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Scheme 3. Preparation of (S,S)-['"*FJFMeNER starting from cyclotron-produced ['*F]fluoride ion.

PET in Non-Human Primates

In PET measurements with (S,5)-["*F]JFMeNER, radioactivity entered brain to a
similar extent as in PET measurements with (S,S)-[''CIMeNER (2.8% I.D.).
Radioactivity also distributed similarly within brain, with DMI-sensitive binding in
the lower brainstem, mesencephalon and thalamus. Furthermore, the specific binding
reached peak equilibrium at 90 to 120 min after injection. However, there was also an
accumulation of radioactivity in the cortical regions, which was insensitive to DMI.
This phenomenon had earlier been observed for other '*F-labelled radioligands and
had been ascribed to accumulation of ['"*F]fluoride ion in bone (in this case, the skull)
and ‘spill-over’ of radioactivity through the PVE into adjacent regions (in this case,
cortex).”

While this work was in progress, Hamill et al. showed that the in vivo
defluorination rate could be decreased by di-deuteration of the fluoromethylene
moiety of the NK, receptor radioligand, ["*F]SPA-RQ.” In the light of those results,
we decided to prepare (S,5)-["*FJFMeNER-D, as a metabolically more stable
analogue of (S,9)-["*F]FMeNER.

Radiochemistry

A similar process was used in the preparation of (S,S)-['*FJFMeNER-D, as in the
synthesis of (S,5)-['"*F]JFMeNER, except that dibromoethane-d, was employed in the
first step of the radiosynthesis. Similar yields and specific radioactivities were thus
observed for (S,5)-["*F]JFMeNER-D, as for (S,S)-["*FJFMeNER .

PET in Non-Human Primates

The regional distribution of radioactivity in monkey brain after injection of
(S,S)-["*F]FMeNER-D, was similar to that observed with the previously evaluated
aryloxy morpholines (Fig. 5, vide infra). The binding was sensitive to
pharmacological challenge with NET inhibitor, but not DAT or SERT inhibitors.

When comparing PET measurements with (S,S)-['*FJFMeNER-D, and
(S.5)-["*F]FMeNER, three important observations could be made: First, the peak
brain radioactivity was higher (3.6%I.D. vs. 2.8%I.D.) and occurred at a later time-
point (12 min vs. 8§ min). Second, the specific binding peak equilibrium was shifted
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towards later time-points and did not occur until 120 to 160 min. Third, the
accumulation in the upper arm bone (humerus) was reduced. This level reached a
plateau at about 90 min, whereas it increased for the duration of the experiment with
the non-deuterated radioligand.

(S,S)1'8FIFMeNER-D, (S,5)1"®FIFMeNER-D, vs. DMI challenge
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Figure 5. Time-activity curves derived from baseline (left) and pre-treatment (right) PET
measurements with (S,S)-[' *FJFMeNER-D,.

Radiometabolite Analysis

All three observations above imply that the plasma half-life of the radioligand was
increased by a deuterium effect,”® but this was not confirmed by radiometabolite
analysis. The metabolism of (S,S)-["*F]JFMeNER-D, and (S,5)-['"*FJFMeNER was
found to be similar, with about 85% of radioactivity in plasma as parent compound at
45 min and 76% at 90 min. Radiometabolites more lipophilic than parent were not
detected in monkey plasma. However, (S.5)-[*FJFMeNER-D, and (S.9)-
["®F]JFMeNER are expected to undergo similar metabolism as (S,S)-[''C]MeNER.

In vitro Imaging of NET using (S,S)-["*F]FMeNER-D, (Paper IV)

In paper IV, an in vitro autoradiographical evaluation of the binding of (S,S)-
['"*F]FMeNER-D; to post mortem human brain cryosections was performed. The aims
of this study were to evaluate the specificity of binding to human brain tissue, as well
as attempting to visualize NETs external to the high-density regions LC and raphe
nuclei (RN).

In vitro imaging of NETs had earlier been performed in human brain tissue with
N H]DMI,78’79 [*Hlmazindol® and [*H]nisoxetine.”®” Of these radioligands,
[*H]nisoxetine has been the most suitable to examine NETs within the human LC and
RN but no other regions.”®” An attempt at imaging NETs with [*H]nisoxetine by
whole human hemisphere autoradiography had failed in imaging NETs external to the
LC (Hall et al., unpublished results).

Autoradiograms labelled with (S,S)-["*F]JFMeNER-D, showed the highest levels of
specific binding in the LC, followed by markedly lower levels in the cerebellum,
thalamus and temporal cortex (Table 1, vide infra). Negligible levels of specific
binding were seen in the occipital cortex and striatum. The binding of
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(S,S)—[ISF JFMeNER-D, was unaffected by co-incubation with the selective DAT and
SERT inhibitors PE2I” and citalopram,” respectively, which indicated that the
binding was selective to NET.

Table 1. A semi-quantitative analysis of the binding of (S,S)-['"*F]JFMeNER-D, to post mortem human
brain tissue.

Specific binding related Specific binding
to locus coeruleus / total binding

Percent s.e.m. n Percent s.em. n
Locus coeruleus 100.0 4 47.1 7.2
Pons anterior 9.8 49 4 7.0 2.1 4
Caudatus 5.7 1
Putamen 3.0 1
Thalamus 8.0 1
Temporal cortex 12.3 43 4 7.8 2.7 4
Insular cortex 9.9 1
Occipital cortex 1.6 1
Cerebellum, total 15.2 50 4 9.9 2.1
Cerebellum, grey matter 15.6 6.0 4 8.4 2.6 4
White matter 7.6 43 5

In conclusion, the binding of (S,S)-["*FJFMeNER-D, to NET was found to be
specific in vitro. The attempts at imaging regions external to LC failed, possibly
because of lower densities of NETs in those regions. Although incubation conditions
may be further altered to increase specific binding in vitro, it is unclear if
(S,S)—[ISF JFMeNER-D, can be utilized in imaging NETs external to LC in vivo.

One-Pot Syntheses of ['*F|F luoromethyl Ethers and Sulfides
(Unpublished Results)

Radioligands containing aryl '*F-fluoromethyl ethers, such as (S.5)-
['"*F][FMeNER-D, (vide supra), have been extensively utilized in PET
recently.*®"*1%7 Flyorine-18 has some general advantages over carbon-11, such as
i) a longer half-life (¢;, = 109.8 vs. 20.4 min), which allows for longer data
acquisition with PET radioligands that show slow kinetics, and ii) a lower positron
energy (650 keV vs. 960 keV) which may increase the spatial resolution of PET
measurements performed with radioligands labelled with '®F. The latter is of
particular importance for the imaging of small brain regions with the new high-
resolution PET cameras (e.g. 2.2 mm).”

The radiolabelling of aryl fluoromethyl ethers and sulfides has mainly been
performed by alkylation of corresponding desfluoromethyl phenolic precursors with
"SE_labelled electrophiles. These electrophiles include '*F-labelled fluoromethyl
bromide®*’, fluoromethyl iodide’™', fluoromethyl mesylate**, fluoromethyl
triflate*® and fluoromethyl tosylate®™*. In all cases, a purification step has been

26



SYNTHESIS AND EVALUATION OF NEW NET RADIOLIGANDS

deemed necessary for the subsequent fluoroalkylation step. The overall yield of a
radioligand labelled by this chemistry is usually in the range 15 to 20%.**>*

As a means to increase the yields, and simplify reaction conditions, we were
interested in attempting to synthesize the ['*F]fluoromethyl ethers and sulfides by
direct substitution with ["*F]fluoride ion on corresponding chloromethyl precursors.
Due to its commercial availability, chloromethyl phenyl sulfide was chosen as a
model compound for the reaction.

S<_Cl '8 S EF
Kryptand
Metal Salt

Scheme 4. Labelling of aryl fluoromethyl ethers from a-chloromethyl ethers or sulfides.

Synthesis of Aryl ["*F|Fluoromethyl Sulfides

The yield of ["*F]fluoromethyl phenyl sulfide was found to be dependent on
temperature, time, kryptand (K2.2.2 or 18-crown-6) and the metal salt (cesium or
potassium carbonate) used in the radiolabelling experiment (Scheme 4, vide supra).
Yields ranged from 2 to 75% under the studied conditions. The highest yield (75%)
was observed when heating a mixture of chloromethyl phenyl sulphide (0.27 M in
acetonitrile), with the kryptand K2.2.2 (kryptofix®) and potassium carbonate as metal
salt at 130°C for 40 min. The reaction time could be decreased to 10 min without
reduced yield (74%) when using microwave-aided heating instead of thermal heating.
Higher temperatures (in DMF and DMSO) and prolonged microwave heating had
either a negative or no effect on the yield. Thus, the original radiochemical yield
(RCY) of ["*F]fluoromethyl phenyl sulfide was improved from 2 to 74% under these
improved conditions.

Synthesis of Aryl ['*F|Fluoromethyl Ethers

With the improved conditions established in the study of the preparation of
['*F]fluoromethyl phenyl sulfide, we attempted labelling of fluoromethyl ethers by
the same methodology. Various chloromethyl phenyl ethers have been described and
are readily available from their corresponding phenols via a three step synthetic
process.'” As model compounds for this reaction, we chose to prepare one slightly
electron deficient (p-chloro), one neutral (unsubstituted) and one electron-rich (p-
methoxy) aryl chloromethyl ether.

Aryl chloromethyl ethers are known to decompose.'”' It was also noted by us that
phenyl chloromethyl ether decomposed on extended storage at 4 °C. As a means to
circumvent this problem, we were interested in attempting to generate the aryl
chloromethyl ether in situ. Thus, we were interested in introducing ["*F]KF together
with acetyl chloride in the last step of the synthesis (Scheme 5).
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Scheme 5. Synthesis of aryl fluoromethyl ethers from their corresponding phenols. Reagents: 1)
CICH,SCHj3;, Nal, NaH, DMF. ii) MCPBA, CH,Cl,.
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When generating the chloromethyl ether of p-chlorophenol in situ, an improved
radiochemical yield (rcy) was observed (76%) compared to when the p-chlorophenyl
chloromethyl ether was first isolated and then reacted with ['*F]KF (67%). A possible
explanation of this finding is that multiple reaction pathways may be operating in this
one-pot method, all yielding the desired aryl fluoromethyl ether (Scheme 6, vide

infra).
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Scheme 6. Tentative mechanism for the transformation of sulfones into ['*F]fluoromethyl ethers.
["*F]Acetyl fluoride may be formed in situ from the reaction of ['*F]fluoride with acetyl chloride.

The rank order for the radiochemical yield with the different substituents on the
phenyl ring was p-methoxy (76%) > H (44%) > p-chloro (22%). This implies that the
fluoridation of these aryls is dependent on the electron density in the phenyl ring. One
reasonable explanation for this observation is that substrate stability is more important
than reactivity, which if too high may lead to substrate decomposition. With electron
donating groups on the aryl ring, an inductive effect on the oxygen of the
chloromethyl ether moiety can decrease its electron withdrawing properties. This may
stabilize the methylene carbon, which also has another electron-withdrawing group
directly attached (the chlorine atom). An electron-withdrawing aryl ring might induce
a larger relative positive charge on the methylene carbon, which may lead to higher
reactivity.

A drawback with this method is that more synthetic work is required to produce the
non-labelled precursors and that the overall yields are moderate from the
corresponding phenols (~40%).'” However, this method holds promise as an
alternative direct substitution method for '*F-fluoromethylations in which '*F-labelled
electrophiles do not need to be produced and isolated. Application of this method to
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the '*F-labelling of more complex structures (e.g. receptor radioligands, containing
fluoromethyl moieties) will reveal the true utility of this method.

Hydroxylated Analogues of DMI and (S,5)-MeNER (Paper V)

The low specific binding observed in regions external to LC with
(S.S)-["*FJFMeNER-D, in vitro was ascribed to the low densities of NETs in those
regions. It was thus concluded that the imaging of NET in low-density regions would
require NET inhibitors with either higher affinity and/or lower non-specific binding.
Although not clearly supported experimentally, the non-specific binding of a
radioligand in brain in vivo is often considered to be associated with its lipophilicity.
We were therefore interested to test whether a reduction in lipophilicity together with
retained affinity towards NET of two potent NET inhibitors, (S,S)-MeNER and DMI
(Fig. 6, vide infra), would decrease their non-specific distribution in the monkey brain
in vivo.

By consideration of the analogous (S)-hydroxymaprotiline (OXA), a potent tricyclic
NET inhibitor, it was hypothesized that the introduction of a hydroxyl group into the
B-carbon of the aminopropyl side-chain of DMI might be tolerated. It was also
hypothesized that stereoselectivity would be of high importance, since the binding of
OXA to NET is highly stereoselective, with the S-enantiomer being the more potent
with an eudismic ratio of about 1000.

Investigations of SAR on the aryloxy morpholine scaffold (Eli Lilly Co.;
unpublished results) have shown that some elaborate alterations to MeNER, extra to
hydroxylation, are tolerated for high affinity binding to NET. LY 2152041 is a potent
(IC59p = 10.8 nM) and selective NET inhibitor, which has been derived through
hydroxylation and other structural modifications.

COC ;.
LT o

DMmI (S)-OXA (R)-OHDMI (S,S)-MeNER LY 2152041

Figure 6. Structures of NET inhibitors derived from the DMI and aryloxymorpholine scaffold. Note
that the spatial orientation of the hydroxyl groups in (S)-OXA and (R)-OHDMI are the same.

Chemistry and Pharmacology

The synthetic route used in the preparation of (R)-OHDMI and its primary amine
precursor was similar to that used in the preparation of the nor-methyl precursor of
pMj 80102103 (Scheme 7). The key step in the synthesis was the formation of the
homochiral epoxide 4, which was subsequently aminated to yield (R)-OHDMI and its
non-labelled precursor in 10 and 15% overall yield, respectively.
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Scheme 7. Synthesis of (R)-OHDMI and its primary amine precursor.

Although the chemistry of racemic hydroxylated DMI derivatives has been
previously described,'®'”” no data on the potencies of such compounds had been
reported. In an in vitro pharmacological assay, the potencies (Ki-values) of DMI,
(R)-OHDMLI, (S,S)-MeNER and LY 2152041 were 1.00, 8.29, 7.93 and 10.8 nM,
respectively. The potencies of the new compounds were thus of the same order as
(S,5)-MeNER, which merited radiolabelling and further evaluation by PET in non-
human primates.

(R)-[N-methyl-""C]JOHDMI was obtained in a quantitative radiochemical yield from
[''C]methyl triflate without any added base or heating. The SR of (R)-[''C]JOHDMI
was 390 GBg/umol at time of injection into monkey and the product solution was
chemically pure. [O-methyl-'"'C]LY 2152041 was obtained quantitatively from
[''C]methyl iodide with a SR of 170 GBq/umol (at time of injection). No competing
N-alkylation was observed when this reaction was carried out under conditions
similar to those used in the preparation of (S,S)-[''C]MeNER.

PET in Non-Human Primates

Following injection of (R)-[''C]JOHDMI into a non-human primate, only 1.1% of
the injected radioactivity entered brain, with a regional brain distribution in
accordance with known densities of NETs. The maximum radioactivity level in brain
after injection of (R)-[''CJOHDMI was however too low for a useful PET
radioligand.

In a PET measurement with [''CJLY 2152041, radioactivity readily entered brain
(3.9% 1.D.) with accumulation in NET-rich regions as well as in the striatum. Because
of the uptake in the striatum, cerebellum was used as a surrogate reference region.
Cerebellum had earlier been shown to be almost devoid of uptake in PET
measurements with (S,5)-[''C]MeNER or (S,5)-['"*F]JFMeNER-D, and has been shown
to be sparse in NET expression in rat, cat and human brain.?>*>747 Although using
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cerebellum as a reference region, signal-to-noise ratios were lower than those
obtained previously with (S,S)-[''C]MeNER and (S,S)-["*F]FMeNER-D,.

Radiometabolite Analysis

There was very limited wash-out of radioactivity in any of the examined ROIs in
the PET measurements with (R)-[''CJOHDMI and [''C]JLY 2152041. An explanation
for the low wash-out of radioactivity may be accumulation of a radiometabolite in
brain. In accordance with this theory, lipophilic radiometabolites were observed in
peripheral plasma after injection of both (R)-[''CJOHDMI and [''CILY 2152041. In
the case of (R)-[''CJOHDMI, the radiometabolite had a retention time only 0.7 min
shorter than parent. For [''C]LY 2152041, the lipophilic radiometabolite was eluting
at 7.5 min, 1.5 min after the parent compound, which indicates that the metabolite
was more lipophilic than its mother radioligand. It is thus reasonable to assume that
PET imaging may have been confounded by a radiometabolite.

(R)-[HC]Thionisoxetine —a High Affinity NET Radioligand (Paper VI)

To visualize NET-poor regions such as cortex, which are of central interest in
research on depression and ADHD,'™'* a more potent NET inhibitor than
(S.5)-["*FIFMeNER-D, is probably required. (R)-Thionisoxetine (Fig. 7, vide infra) is
about three-fold more potent than (R)-nisoxetine,*” which had recently been labelled
with ''C and evaluated by Ding et al. in baboons.'” In most reports, the racemate of
nisoxetine has a reported affinity (/Csy) of 1.0 nM.>>%7 In comparison, the /Cs, of
racemic MeNER is 2.5 nM.”® Although these affinity values are not entirely
comparable, they suggested that (R)-thionisoxetine is a more potent NET inhibitor
than MeNER. Any increase in binding affinity, though modest, may be critical for
imaging NETs with PET, since on theoretical grounds, binding potential (BP) is
inversely proportional to binding affinity.

OMe SMe
% Q
@N\ NHMe ©/\/\ NHMe
(R)-nisoxetine (R)-thionisoxetine

Figure 7. Structures of the (R)-enantiomers of nisoxetine and thionisoxetine.

Chemistry

The structure of (R)-thionisoxetine allows for radiolabelling at either the S-methyl
or N-methyl moiety. We preferred a precursor that could be labelled by
S-radiomethylation, since if the radioligand would show slow kinetics, we could
radiolabel this moiety by '*F-fluoromethylation. In previous reports it had been
demonstrated that very few N-fluoromethyl compounds are stable enough to survive
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isolation,”’ whereas S-['*F]fluoromethyl radioligands have been shown to be
chemically stable, as exemplified by ["*F]JFMcN5652.°!

Given the susceptibility of thiols to oxidize, we also aimed to prepare an
S-protected precursor that might be stored and then deprotected in situ for
radiomethylation with [''C]methyl iodide.'” Because of problems with preparing
S-acetyl protected o-hydroxythiol,'”” we decided to protect the non-labelled precursor
of (R)-thionisoxetine as an S-y-propionic methyl ester.'” Starting from
o-hydroxythiophenol, (R)-thionisoxetine and its S-y-propionic methyl ester precursor
were obtained in 19 and 7% overall yield, respectively (Scheme 8).

SR SR
° @ @K
KH003 DEAD NHMe
PPhs

A = Mel or R =Me

methyl acrylate
R= }H’/\H/OMG
(0}

Scheme 8. Synthesis of homochiral (R)-thionisoxetine and its y-propionic methyl ester precursor.

In the radiolabelling of (R)-thionisoxetine, the thiol could be de-protected in situ
under mild conditions using potassium ¢-butoxide in THF (Scheme 9).
Radiomethylation under these conditions proceeded quantitatively from [''C]methyl
iodide at ambient temperature, yielding (R)-[''C]thionisoxetine in a specific
radioactivity of 304 GBqg/umol at the time of administration into cynomolgus

monkey.
SH s'cH
©i \/\n/ tBUOK ©i /\"/ [11C]Mel ©i 3

THF. RT
N~ N~ N
H H H

Scheme 9. Labelling of (R)-thionisoxetine in its S-methyl position with ''C. The thiol precursor was
generated in situ via a retro-Michael addition.

PET in Non-human Primate

After injection of (R)-[''C]thionisoxetine into cynomolgus monkey, about 2.4% of
the injected radioactivity entered brain with a regional distribution approximately
matching that expected for NET. However, radioactivity also accumulated in
striatum, an observation similar to those made in PET studies with [''CJLY 2152041
and several other NET radioligands, including (R)-[''C]nisoxetine.'” As in the PET
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study with [''"CJLY 2152041, we decided to use cerebellum as an alternative
reference region. The maximum ratio of radioactivity in any ROI to the cerebellum in
PET measurements with (R)-[''C]thionisoxetine was no greater than 1.3. This ratio is
lower than those observed with the NET radioligands, (S,S)-[''C]MeNER and
(S.S)-["*F]FMeNER-D,. As in the case with [''CJLY 2152041, this lower ratio,
together with the accumulation of radioactivity in the striatum, severely limits the
utility of (R)-[''C]thionisoxetine as a PET radioligand for NET.

Since with (R)-[''C]thionisoxetine there was no sign of wash-out of radioactivity
from the striatum nor any sign that specific binding in thalamus increased with time,
we expended no effort in preparing the '*F-fluoromethyl analogue of this radioligand.

Analysis of Radiometabolites in Peripheral Monkey Plasma

Radioactivity in monkey plasma corresponding to (R)-[''C]thionisoxetine decreased
from 95% at 4 min to 53% at 45 min. One highly hydrophilic radiometabolite fraction
represented the rest of the plasma radioactivity. In contrast to the PET study with
[''CILY 2152041, in which about 10% of the radioactivity in monkey plasma was
more lipophilic than parent at 4 min, we did not find support for radiometabolites
entering brain and binding to the striatum in this case.

Present Status of Brain Imaging of NETs with PET

In the beginning of this project, a thorough investigation of the regional distribution
of NETs in the primate brain had not been performed. We were thus largely relying
on extrapolating data obtained from rodents to get an idea of the regional distribution
and densities of NETs in the primate brain. This was accompanied with some
uncertainty in radioligand development. Questions were raised about the density of
NETs in the primate brain®"'® and the absence of NETs in striatum. Recently,
however, in vitro studies have clarified the distribution and density of NETs in the
primate brain.****

The observed densities of NETs were roughly in accordance with the relative
densities of NETs found in the rodent brain.> Thus, the highest levels of NETs were
found in the LC and RN, followed by intermediate levels in the hypothalamus,
thalamus and other brainstem regions. The lowest levels of NETs were found in the
striatum and the molecular layer of cerebellum.** Although there was a high
resemblance between rodents and primates in the expression of NETSs, some
important species differences were observed. In primates, the expression of NETs was
about seven-, three- and five-fold lower in cortex, hypothalamus and thalamus
relative to the LC. Furthermore, in a separate study, the B, of NETs in human
insular cortex homogenate was found to be 4.4 pmol/g tissue, which is roughly nine
times less than in rodents.*

These two studies are fundamentally very important. The regional distribution of
NETs in the primate brain in vitro can be used to verify the distribution of NET
radioligands in vivo. The density of NETs in primate brain can be applied for
calculating affinity thresholds for future candidate NET radioligands.
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During the last five years, about fifteen NET inhibitors have been evaluated as
candidate NET radioligands in rodents and/or in primates. Nine of the candidates
were evaluated within this project, whereas the rest were evaluated by the PET groups
at Toronto,®” Brookhaven®™'®''"® and Emory**'"'. A number of these radioligands
have shown accumulation of radioactivity in the striatum. In one case, this binding
was ascribed to binding to DAT,"'"? but in most cases this component of the binding in
brain has remained uncharacterised and been regarded as non-specific.'”'"" Within
this thesis, two of the candidate radioligands, (R)-[''C]thionisoxetine and [''CJLY
2152041, showed such accumulation the striatum. In the case with [''CJLY 2152041,
analysis of peripheral plasma implied that the component could be, at least partly,
associated with a lipophilic radiometabolite. In the case with (R)-[''C]thionisoxetine,
no lipophilic radiometabolite was observed, which makes the binding harder to
rationalise.

Logan has reasoned that this binding, similarly to the binding of ["TH]DMI in vitro,
is of low affinity and to a second non-adrenergic site.'"> However, in the in vitro
studies with [’H]DMI, this binding could be inhibited by the inclusion of a high
concentration of NET inhibitor,”® whereas the binding of (R)-[''C]nisoxetine in
striatum was unaffected in a pre-treatment experiment with nisoxetine (1 mg/kg) in
vivo. Furthermore, the binding of [*H]nisoxetine to human cortical homogenate in
vitro was found to represent a single class of binding sites,” which contradicts
Logan’s hypothesis. Although the low-affinity binding of [*’H]DMI was shown to be
sensitive to incubation conditions,'"*'"* which may not be altered in vivo, the cause of
the contrasting results obtained with [*H]nisoxetine in vitro and [''C]nisoxetine in
vivo is more likely to reflect a BBB permeable radiometabolite rather than binding to
a second site with low affinity. This implies that a more detailed radiometabolite
analysis may be warranted for new (and old) NET radioligands.

The most promising NET radioligands evaluated so far are the aryloxy morpholine
derivatives, (S,5)-[''C]MeNER and (S,S)-["*F]JFMeNER-D,. It has been argued that
(S,8)-['"'C]MeNER, although it has slow kinetics, is suitable for PET imaging of
NETs in man.'” Recently however, the test-retest variabilities in BPs when using
(S,5)-['""C]MeNER were found to be too large (17 to 31%) to reliably assess NET
density. In addition, the binding of (S,S)-[''C]MeNER was not found to be saturable
at supra-therapeutic doses, a finding that was also supported by the PET group at
Johns Hopkins.''® Although NET can be imaged with (S,S)-[''C]MeNER, its
disadvantages are such that it is not useful in clinical research. As this thesis is being
written, clinical studies with (S,5)-["*FJFMeNER-D, are carried out. Some promising
human in vitro imaging data were reported within this thesis. In addition, a recent
occupancy study with atomoxetine and (S.S)-['*FJFMeNER-D, in monkeys
demonstrated a saturable and dose-dependent accumulation in the LC."® This was
never observed in the clinical occupancy studies with (S,S)-[''C]MeNER**""" nor in
occupancy studies with cocaine and (S,5)-[''C]MeNER in baboons.'”® Thus, (S,S)-
['"*F]FMeNER-D; clearly represents the most promising imaging agent for central
NETs in the human brain reported to date.
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Challenges in Future NET Radioligand Development

The challenges in further NET radioligand development are similar to those faced
in the development of radioligands for other receptor or transporter systems.
However, there are some difficulties in NET radioligand development that are
specific for NET. These are listed below:

)

iii)

The expression of NETs in the human brain is low; only 4.4 pmol/mg
NET is present in the insular cortex. In comparison, the density of DATSs
in putamen is 212 pmol/g wet tissue''® and the corresponding density of
SERTSs is 143 pmol/g protein in prefrontal cortex.'’” Although this
comparison is not entirely fair, because the compared regions are not the
regions of highest density for the given transporters (except DAT), it
gives an idea about the relationship between the monoamine transporter
concentrations in vivo. The lower density of NETSs requires that a suitable
radioligand would need higher affinity than those presently used for
DAT'™ or SERT"' imaging. In human insular cortex, the affinity of an
efficient radioligand should be at least 0.9 nM.

Not only is the expression of NETs low in brain, the highest levels of
NET expression in the primate brain are localized within small brain
regions, like LC and RN, which are challenging to image with PET. It is
estimated that the number of neurons in the LC, which is the most dense
NET-region in primate brain, is only of the order of 40,000 to 50,000.'*
In addition, the size of this region is just a few millimetres.

The lack of potent and selective NET platforms suitable for NET
imaging. Candidate radioligands from all known potent and selective
NET platforms have been evaluated as candidate NET radioligands. Only
one “hit” was found during this screening process, namely (S,S)-MeNER,
which is based on the reboxetine platform. Further development of this
scaffold resulted in (S,5)-FMeNER-D,, LY 2152041 and an iodinated
analogue, (S,S)-INER,'” that were about equipotent to (S,S)-MeNER.
Based on SAR on the related nisoxetine platform, it is uncertain if any
more potent NET inhibitors will be obtained from the reboxetine
scaffold. Further NET radioligand development may require extensive
synthesis and SAR analysis of new compounds.
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CONCLUSIONS

A series of candidate NET radioligands were prepared and evaluated by PET in
cynomolgus monkey in vivo. Most of the candidates had been developed in the
pharmaceutical industry before this project started, but had not been evaluated as
candidate NET radioligands. During this process some improvements were made in
the '*F-labelling of aryl fluoromethyl ethers and sulfides. Three new NET inhibitors
were developed, (S,5)-FMeNER-D,, (R)-OHDMI and LY 2152041, each was found
to be a potent NET inhibitor. Two of the candidates, (S,S)-[''C]MeNER and
(S.8)-["*F]FMeNER-D,, were found to successfully image NETs in preliminary PET
measurements in cynomolgus monkey as well as in post mortem human brain
autoradiography. (S,S)-["*FJFMeNER-D, has the potential to be the first radioligand
useful for quantitative imaging of NETs in the human brain in vivo.
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